I
t is well established that the endothelium regulates coronary vascular tone via the controlled release of vasoactive agents. 1 NO appears to be the major endothelium-derived relaxing factor (EDRF) and is synthesized continuously under basal conditions by endothelial NO synthase (eNOS). Its production may be increased by agonists such as bradykinin and acetylcholine or by physiological stimuli such as shear stress. 1 Changes in the release and bioactivity of NO occur in many cardiovascular diseases and are thought to contribute to the associated vascular dysfunction. 1 There is much controversy as to whether coronary eNOS expression and the biological activity of NO are increased or decreased in left ventricular (LV) hypertrophy (LVH). Both impaired and enhanced NO-dependent coronary artery vasodilation has been found in LVH and heart failure, experimentally and clinically. [2] [3] [4] [5] [6] [7] Likewise, other groups have reported increased, 8, 9 decreased, 3, 10 or unaltered 11, 12 coronary eNOS expression and activity in spontaneously hypertensive rats and in compensated LVH. LVH is initially adaptive, but it is associated with a progressive decline in LV function and ultimate cardiac failure. It is characterized by structural and functional changes that depend on the stage of LVH and result at least in part from changes in gene expression. 13 It is possible that the conflicting data on cardiac eNOS expression and NO bioactivity may be due to varying stages and severity of LVH in different models. Previous reports have studied purely molecular or biochemical aspects of coronary eNOS regulation and have not assessed whether changes in eNOS expression and functional activity depend on the stage of LVH.
The aim of the present study was to investigate changes in coronary NO bioactivity and eNOS expression during the progression of LVH. We addressed this issue in a guinea pig model of pressure-overload LVH in which functional stages of LVH were precisely defined.
Methods
Male Dunkin-Hartley guinea pigs (Harlan UK Ltd, Biecester, UK) were used in this study. All procedures were performed in accordance with the Guidance on the Operation of the Animals (Scientific Procedures) Act 1986 (Her Majesty's Stationery Office, London, UK).
Experimental Cardiac Hypertrophy
Suprarenal abdominal aortic banding was performed as previously described. 14 In a series of 100 operations, the mortality rate was 3.8% in banded animals and 2.1% in sham-operated animals. Animals were studied for physiological and molecular analyses 3 to 10 weeks after surgery.
Isolated Heart Studies
Animals were anesthetized (60 mg/kg sodium pentobarbitone IP) and heparinized (1000 IU/kg IP). Hearts were dissected into ice-cold buffer consisting of (in mmol/L) NaCl 118, KCl 3.8, KH 2 PO 4 1.18, NaHCO 3 25, MgSO 4 1.19, CaCl 2 1.25, and glucose 10, gassed with 95% O 2 /5% CO 2 and containing indomethacin (10 mol/L). Ejecting heart studies were undertaken as previously described. 14 Hearts were paced at 10% above the intrinsic rate via a right atrial electrode, and measurements of pressure and flow were made immediately after each change in preload. 14 For Langendorff studies, hearts were perfused at 37°C and the flow rate was adjusted to a coronary perfusion pressure of 60 mm Hg. LV end-diastolic pressure was adjusted to 10 mm Hg with a fluid-filled balloon. Hearts were paced at 10% above the intrinsic rate. Coronary perfusion pressure was measured via a transducer (Bell & Howell). After 15 minutes of stabilization, coronary vasodilation was studied on the basis of responses to boluses (50 L over 3 seconds) of bradykinin (0.001 to 10 mol/L), substance P (0.01 to 100 mol/L), diethylamine NONOate (DEA-NO) (0.1 to 1000 mol/L), and adenosine (10 mmol/L). Basal NO release was assessed on the basis of contraction in response to the NOS inhibitor N G -monomethyl-Larginine monoacetate (L-NMMA) (0.5 mmol/L). Pressure data were sampled at 400 Hz with a MacLab module (ADI Instruments).
Western Blot Analysis
LV particulate protein was extracted for Western blot analyses. 14 The primary antibody was an anti-bovine eNOS monoclonal antibody (1:500 in 5% nonfat milk; Zymed Laboratories), and the secondary antibody was a horseradish peroxidase-conjugated antimouse IgG (1:10 000 in 5% nonfat milk; Transduction Laboratories). Protein also was probed for sarcoplasmic reticulum Ca 2ϩ -ATPase (SERCA 2a) with a SERCA 2a monoclonal antibody (1:1000, clone 2A7-A1; BIOMOL).
eNOS Localization by Immunocytochemistry
LV tissue was prepared for frozen section immunocytochemical analysis as previously described. 15 The primary antibody was a rabbit anti-eNOS polyclonal antibody (1:1000; gift of Dr B. Mayer, Graz, Austria), and the secondary antibody was an alkaline phosphatase-conjugated sheep anti-rabbit antibody (Bio-Rad Laboratories Ltd). Semiquantitative color image analysis (9 random fields per slide) was performed using an established method. 16 
Drugs and Reagents
Substance P, DEA-NO, adenosine, and L-NMMA were purchased from Calbiochem. Bradykinin and indomethacin were purchased from Sigma Chemical Co. All other chemicals were obtained from BDH Laboratory Supplies. All drugs (except indomethacin) were initially dissolved in deionized water before further dilution in KHB. Indomethacin was dissolved in dimethyl sulfoxide (1 mmol/L), which had no effect on cardiac function at its final concentration of 0.1%.
Statistical Analysis
A 2-way repeated measures ANOVA, a 1-way ANOVA with Bonferroni post hoc testing, an unpaired Student's t test, or a Mann-Whitney U test was used as appropriate. PϽ0.05 was considered significant.
Results

Functional Stages of Cardiac Hypertrophy
Morphometric data are shown in the Table, and parameters of isolated ejecting heart contractile function are shown in Figure 1 . By 3 weeks, the LV-to-body weight ratio was significantly greater in the banded group, confirming LVH. By 6 weeks, left atrium-to-body weight ratio was also greater in the banded group. By 8 to 10 weeks, the right atrium-to-body weight, right ventricle-to-body weight, and lung-to-body weight ratios were significantly increased in the banded group, indicating pulmonary congestion and heart failure. At 3 weeks, both LV dP/dt max and cardiac work were similar in the 2 groups, consistent with compensated LVH. Bby 8 to 10 weeks, however, cardiac work was decreased and the Frank-Starling response was significantly blunted, indicating decompensated LVH. , nϭ6 to 10; all, PϽ0.05). At 3 weeks, vasodilation in response to bradykinin, substance P, or DEA-NO was unaltered between the banded group and the sham-operated group (Figure 2) . However, by 8 to 10 weeks, relaxations in response to bradykinin ( Figure 2B ), DEA-NO ( Figure 2F ), and adenosine ( Figure 3A) were significantly reduced in the banded group, although those in response to substance P were unchanged. At an intermediate point of 6 weeks, vasodilator responses were similar between groups (data not shown). At 3 weeks, constriction in response to L-NMMA was significantly greater in the banded group than in the sham-operated group ( Figure 3B ), but at later points, the response was similar in the 2 groups.
eNOS Protein Expression During Progression of LVH
At 3 weeks, there was no significant difference in LV eNOS protein expression between groups (Western analysis, 10.7Ϯ0.5 versus 9.3Ϯ0.7 arbitrary densitometric units for banded versus sham operated; nϭ5). However, by 8 to 10 weeks, eNOS expression was significantly decreased in the banded group versus the sham-operated group (7.8Ϯ0.4 versus 12.2Ϯ1.7 arbitrary densitometric units, nϭ5; PϽ0.05; Figure 4A ). Immunocytochemical images are shown in Figures 4B through 4F . The negative control showed no staining ( Figure 4B ). Immunolabeling for eNOS showed clear localization to capillaries, endothelium, and endocardium, which is consistent with previous reports. 17 After 3 weeks, the distribution/intensity of eNOS staining was similar between groups (Figures 4C and 4D 
Discussion
Previous investigations into possible abnormalities of NOdependent coronary vasodilation in cardiac hypertrophy have either involved purely molecular/biochemical aspects or vas- cular physiology in isolation or have failed to relate findings to the functional stage(s) of LVH. 3,8 -12 Conflicting data have been reported, including increased, 8, 9 decreased, 3,10 and unaltered 11, 12 eNOS expression or biochemical Ca 2ϩ -dependent NOS activity in LVH. The present study was designed to address this issue by investigating both eNOS protein expression and coronary NO bioactivity at sequential stages during the progression of cardiac hypertrophy, from compensated LVH through the transition to cardiac failure. Using an experimental model of progressive LVH that was carefully characterized functionally, we found that the expression of eNOS and biological actions of NO did indeed vary significantly during the progression of hypertrophy. Therefore, it is likely that the contrasting findings of previous studies may have been a consequence of the variation in the stages of LVH that were studied.
The experimental guinea pig model of progressive pressure-overload LVH that we used resulted in an initial phase of well-compensated LVH, followed by transition to LV decompensation and failure. Detailed contractile characterization of isolated ejecting hearts under controlled loading and heart rate, using well-established afterload-independent indices of cardiac function (LV dP/dt max and cardiac work), 18 demonstrated compensated LVH at 3 weeks after surgery. By 8 to 10 weeks, LV function was significantly depressed in the banded group compared with the sham-operated animals, and the lung-to-body weight ratio was significantly increased, indicating pulmonary congestion. Consistent with the development of myocardial failure, SERCA 2a protein expression was significantly reduced in the banded animals at this stage, similar to previous reports. 19 At an intermediate stage of 6 weeks, LV function remained compensated, although cardiac work tended to be decreased in the banded group versus the sham-operated group.
Using this model, we found that during compensated LVH (3 weeks after surgery), there was no significant change in LV eNOS protein expression, but basal NO activity of NO was increased as indicated by increased vasoconstriction in response to the NOS inhibitor L-NMMA in the banded group. However, agonist-and DEA-NO-induced vasodilation was unaltered at this stage. In contrast, with LV decompensation (by 8 to 10 weeks), eNOS protein was significantly reduced on both Western blot and immunocytochemistry analyses. At this stage, basal NO bioactivity was similar in the 2 groups (as assessed with vasoconstriction to L-NMMA), but the vasodilator responses to both bradykinin and DEA-NO were attenuated in the banded group.
Because the basal activity of NO and responses to agonist/ DEA-NO differed markedly between the stages of compensated LVH and cardiac failure, we also studied an intermediate time point of 6 weeks, which represented a transition stage. At this time point, neither vasoconstriction in response to L-NMMA nor agonist/DEA-NO-induced vasodilation differed significantly between the banded group and the shamoperated group. This suggests that the increased basal activity of NO is synonymous with a stage of early compensated LVH, whereas the decreased responsiveness to bradykinin/ DEA-NO is evident only in the coronary circulation during myocardial failure.
The increased basal activity of NO in early compensated LVH in the absence of a change in eNOS expression may be due to the increased shear stresses and mechanical forces caused by the initial pressure-overload 20 and could be beneficial during the development of compensated LVH. Increased basal NO-dependent vasodilation would maintain basal coronary flow, thereby facilitating oxygen and substrate supply for the increased myocardial mass. 1 NO may also have beneficial effects on myocardial contractile function (eg, positive inotropic effects, improved diastolic function, and improved muscle efficiency 21, 22 ), which could be adaptive during early LVH. On the other hand, the reduction in basal NO activity at later stages of LVH and failure (to levels similar to those in the sham-operated group) could be related to the observed decrease in eNOS expression and/or a reduction in shear stresses and mechanical forces as cardiac function declines. This reduction may contribute to an impaired coronary flow-myocardial function relationship, as well as to the contractile dysfunction and energetic imbalance evident at this stage. 23 In the present study, vasodilation in response to bradykinin was decreased in decompensated LVH. Many previous studies have reported an impairment of agonistinduced, endothelium-dependent coronary vasodilation in LVH, 2, 3, 5, 6 but the precise underlying mechanisms and, in particular, the role of altered eNOS expression remain unclear. We found that eNOS expression was significantly decreased concomitant with the impairment of responses to bradykinin, suggesting that reduced NO production may be at least partially involved. However, the overall underlying mechanism is likely to be more complex. In addition to bradykinin-induced vasodilation, DEA-NO-induced responses were impaired during decompensated LVH. Possible reasons for this include (1) increased inactivation of NO by reactive oxygen species or (2) reduced vascular smooth muscle response to NO. 24 An increase in reactive oxygen species in cardiac hypertrophy has been previously reported 2, 25 ; potential sources include a dysfunctional NOS deficient in tetrahydrobiopterin or L-arginine. 24 Structural abnormalities of the coronary vasculature are also well recognized in LVH, being attributable to changes such as a reduction in resistance vessel density, decreased vascular luminal radius, and upregulation of extracellular matrix. 26 -28 Indeed, it has been suggested that increased coronary artery wall thickness in LVH may limit vasodilator responses to both NO-dependent and independent stimuli. 28 Coronary flow reserve is reported to be reduced in LVH, thus rendering the heart more vulnerable to ischemia. 29, 30 Consistent with this, here we observed a 
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significant decrease in adenosine-induced relaxation after 8 weeks of banding. An additional factor to consider is the role of other EDRFs, such as prostacyclin and endothelium-derived hyperpolarizing factor (EDHF). In the present study, the inclusion of indomethacin excluded a role for prostacyclin. However, EDHF may be involved in the responses to bradykinin. In the guinea pig coronary vasculature, vasodilation in response to substance P was shown to be mediated almost exclusively by NO, whereas vasodilation in response to bradykinin appeared to also involve other mechanisms. 31, 32 Bradykinin induces hyperpolarization of guinea pig coronary endothelial cells, 33 so it is probable that EDHF contributed to the relaxation responses to bradykinin observed in the present study. The extent of this contribution is difficult to quantify but has been estimated to be Ͻ50% by using both inhibitors of NOS 34 and hemoglobin, which inactivates NO. 31 The fact that bradykinininduced coronary vascular relaxation is not exclusively NO mediated may explain the greater magnitude of these responses in the present study, compared with those seen with substance P. This may also explain the finding that after 8 to 10 weeks, responses to bradykinin were significantly attenuated in the banded group versus the shamoperated group, whereas those to substance P only tended to be reduced.
In conclusion, we demonstrated in a well-characterized model of pressure-overload cardiac hypertrophy with transition to heart failure that eNOS expression and coronary NO bioactivity change in a complex manner dependent on the functional stage of LVH. We found that early compensated LVH was associated with an increase in the basal activity of coronary NO in the absence of changes in eNOS expression and with no change in agonist-induced vasodilation. Decompensated LVH, however, was associated with a decrease in eNOS expression, a decline in basal NO bioactivity to the same level as that of the control group, and a reduction in agonist-and NO donor-induced vasodilation. These data emphasize the importance of carefully relating molecular and physiological alterations in the coronary vasculature to the corresponding cardiac functional status in conditions such as LVH.
